A model for the dc plasma used in carbon nanotube growth is presented, and one-
Since dc plasma sources are widely used now for CNT growth, the present exercise provides useful insight into the process mechanisms.
II. MODEL
The governing equations used to model the dc plasma reactor are as follows: and the tungsten emissivity 4s is given by E = 0.12 (Tf/1000). Carburization is the process by which carbon species adsorb to the surface of the filament and are incorporated into its structure. The effect of this process is to increase the resistivity and emissivity of the filament and also poison the catalytic decomposition of H2 at the surface. Zeiler et al. 49 show that within one hour their tungsten filaments were completely carburized to form W2C in a gas mixture of 1% CH4 and 99% H2 at a pressure of 22.5 Torr. Given that C2H2
carburizestungstenmore readily than methane, 5°it is likely that filaments under our conditionswill be carburizedevenmore quickly. To model a carburizedfilament, the resistivity5_of W2Cis used:
along with the W2C emissivity 52 given by _ = 0.185 (Tf / 1000). The effect of poisoning the filament is modeled by reducing the dissociation rate by a constant.
The first term on the right-hand side of Eq. (6) represents the heat conduction to the gas and is equal to the Q/term in Eq. (2) which will only have a value at the filament location. Here, the heat transfer coefficient h depends on Reynolds number Re 5_ through:
where tog is the thermal conductivity of the gas and D is the diameter of the filament. 
with WH./= -WH,,U. As with Q7, these terms are zero away from the filament location.
The boundary conditions at the anode and cathode are as follows. Potential and gas temperature are specified at the electrodes. At the cathode, the electron temperature is set to 0.5 eV 55'56 and at the anode a diffusion cooling boundary condition s7 is applied,
Ions densities are extrapolated, and electron densities are determined by assuminga zerodensityat the anodeanda secondary electronemissioncoefficientat the cathodeof 0.05. The neutral densitiesat the boundariesare determinedby setting the massflux to zero.
The governing equations were solved using a code called SEMS (semiconductor equipment modeling software). This is a multi-dimensional, multispecies, multitemperature,chemically reacting flow code. 58'59The governing equations are discretizedusing an implicit finite differencescheme. Theresultingdifferenceequations aresolved using a Gauss-Seidel line relaxationmethod.The codewas first validatedby running a few dc argon simulationsfor which results are availablein the literature. 6°T
hen, both dc and dc-HFCVD caseshere were simulated in one-dimension(axial directionperpendicularto the electrodes). Two-dimensional effectsaremoreimportantto establishuniformity issuesover largewafers. Given that now the researchis academic andmost growth experimentsare doneon 1-2 cm piecesof wafers, 1D simulationsare adequate initially to understand the plasmacharacteristics, which is the primary purpose
here.
An acetylene/ammonia feedgas systemis studiedhereasit appears to be themostpopular amongthe usersof dc plasmaand dc-HFCVDreactors.18neutral species(Ar, Ar+,H2, H, C2H4, C2H3, C2H2, C2H, C2, NzH4, N2H3, N2H2, NzH, N2, NH3, NH2, NH and N), five 
III. RESULTS AND DISCUSSION

A. DC Discharge
We discuss the results for pure dc discharges first. In all the figures, the cathode sits at the zero point axial location on the left of the plots, and the anode is located on the right at 1.5 cm. Figure 1 The effect of dc bias on electron temperature is shown in Fig. 2(a) . The electron temperature at the edge of the cathode sheath is very high due to the energy gained from the sheathelectric field. The correspondingelectric field profiles are also shown in Fig. 2(b) . As the dc biasincreases, the sheathfield increases which leadsto higherpeaks for electrontemperature. The high electrontemperature will leadto high ionization rates andsinceionization is endothermic, electronsloseenergyfollowing ionization.The drop in electrontemperature, after the sheathandin the bulk, is due to this energy loss and heatconduction. The electronenergyrisesagainin the anodicsheathdueto local electric field. All this behavioris well known in the dc dischargeliterature. 57'6°The electron temperaturein the bulk is about 1-1.5eV dependingon the bias. This compareswith a In general, the shape of the ion density profile is dictated by the local balance among competing processes: production by ionization, loss by recombination in the bulk, wall loss and smoothing out by diffusion. Figure  3 (a) illustrates that in the cathode sheath, regardless of the bias, the argon ion is always dominant followed by C2H2 + and then NH4 +. This phenomenon is consistent with the differences in the ion diffusivities, where At"+ has the lowest, NH4 + has the highest, and C2Hz + is in between, which results in differing rates of recombination at the cathode. The NH4 ion is displayed here because it is the most dominant nitrogen-bearing ion given the rapid charge exchange reaction NH3 + + NH3 --+ NH4 ÷ + NH2 (2.1x10 -9 cm3/sec). 63 Figure  3 (a) also showsthat atthe lowestbiasof 325V the dominant ion in theplasmabulk is the NH 4 ion followed by C2H2 + and Ar +. The dissociation of NH3 at 750 V is higher than at 325 V and thus the NH4 ÷ density decreases, and Ar + and C2H2 + become the dominant ions in the bulk. The difference in dominance in the bulk and sheath at 325 V has to do with asymmetric charge exchange reactions given in Table I in which argon and hydrocarbon ions react with NH3 to produce ammonium ions without a reverse mechanism. This effect
is not noticeable at the highest bias because of the reduced ammonia density.
In Fig. 3(b Figure 4 displays the effect of bias on the gas temperature. At the lowest bias, the gas is mainly heated by gas-phase endothermic reactions that follow from the radicals that form from electron-impact reactions.
At the highest bias, as show in Fig. 3(a) , the plasma density is three orders of magnitude larger than at the lowest bias. Thus, ohmic heating from elastic collisions between neutrals and electrons becomes important as represented by the local maximum in the temperature profile near the cathode.
B. Filament
Effects Next, we examine the effects of the filament on the system characteristics. Figure  5 displays the effect of changing the filament current on the gas temperature at 325 V. The gas temperature is lower up to almost 2 A of current than for 0 A, but at 2 A and above, Figure 6 shows the effect of the filament current on the densities of C2H2 and C2H4 along with atomic hydrogen; other species are not shown for the sake of clarity. Whether clean or carburized, the filament has no effect on any of the carbon-bearing species at the cathode where the sample for nanotube growth resides. The only effect it has at the location of interest is to increase the level of atomic hydrogen, at most by a factor of two. Figure 7 shows the electron density and gas temperature as a function of filament current at 750 V dc bias. At 15 A, the gas temperature in the bulk plasma is lower than that for zero current. This is because the gas actually heats the filament under these conditions.
Here, the heating resulting from the intense plasma is larger than that of the filament. The electrondensitysimply is not affectedby the filamentcurrent.This was alsothe caseat the lowerbiasalthoughnot shown. Figure 8 showsthe effect of the filament on the neutraldensitiesat 725 V. The figure showsaninterestingresultwhencontrasted with Fig. 6 . At the highestbias, the filament haslittle effect on any neutral species including atomichydrogen.This canbe explained by re-examiningFigs. (5) and (7). At 325V, the gastemperature resulting from filament heatingis larger than the non-filamentcaseeverywherein the reactorchamber.This is not the casefor the 750V biaswherethe gastemperature is only affectedby the filament in the region of the filament. This is likely due to the role of ohmic heatingnear the cathodewhich is not affectedby the filamentandis substantiallylargerthanthe filament heatingin thecathoderegion. Sincethereareno observeddifferencesin atomichydrogen densitywith filament currentat 750 V, this suggests that the actualcatalytic activity of the filament is not important in directly determining the cathode atomic hydrogen concentration exceptthroughits effecton thegastemperature. As statedpreviously,even in the casewithout significantohmicheatingat 325V wherethe filamentdoesaffect the gas temperaturenear the substrate, there is little effect on the speciesof relevanceto Lett. 77, 3465 (2000) .
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4.
Effect ofdc bias on gas temperature for the same conditions as in Fig. 1 .
5.
Effect of filament current on gas temperature at a dc bias of-325 V.
6. Effect of filament current on neutral densities at a dc bias of-325 V.
, Effect of filament current on electron density and gas temperature at a dc bias of -750 V.
8. Effect of filament current on neutral densities at a dc bias of-750 V. 
